Introduction
The southern Andes are often mentioned as having the best example of upslope rain and rain shadow effects, with precipitation changing from 6000mm per year on the Chilean coast to less than 300mm in Argentina. According to Prohaska (in Miller, 1976) , in southern Chile " The orographic effects are probably as "pure" and simple as can be found anywhere on earth. The range is relatively narrow and oriented perpendicular to the flow. The zone would undoubtedly make an excellent "laboratory" for the verification of theoretical models of air flow over mountain and the resulting precipitation and cloudiness patterns."
The goal of this study is to determine the isotope fractionation of water vapor crossing the southern Andes and to use this information to estimate the drying ratio. The drying ratio is the ratio of the water removed by orographic precipitation to the incoming water vapor flux. We also wish to test and calibrate a physical model of orographic precipitation.
Climatology
To establish the wind climate of the region, we used the NCEP/NCAR Reanalysis (Mo and Higgins, 1996) . Selecting only rainy days for 2004, the wind rose for coastal Patagonia is shown in Fig 1, for the average winds below 500hPa. It shows clearly the dominance of westerly flow over the region. The average wind speed was 11m/s with a standard deviation of 7m/s. The average wind direction was 273º. Twenty four percent of the time, the wind was westerly. Sixty percent of the time the wind direction fell in the range WSW to WNW. Included in the wind rose are a few cases of rainy easterly flow that we suspect are spurious. The Reanalysis is known to give unphysical drizzle from time to time. The Reanalysis also shows a freezing level between 1 and 2 km, tilting downward as one moves southward.
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Terrain
These westerly winds encounter a very complex glacially dissected terrain. The view from the west in Fig. 2 is computed from an SRTM dataset smoothed horizontally to one kilometer; reducing the peak altitudes. It shows that on average, the airflow must lift about two kilometers to pass over the southern Andes.
Vegetation
A qualitative view of the precipitation pattern is available from the vegetation distribution observed using cloud-removed composite satellite images. . In Figure 3 we show the MODIS-derived annually averaged Normalized Difference Vegetation Index (NDVI). There is a striking contrast between the dense vegetation along the Chilean coast and the barren steppe in Argentina. The North and South Patagonian Ice Fields, the ocean and some isolated snowy peaks show negative NDVI. The intermediate NDVI values in the south west coastal region represent mountain forests that are snow covered during a few winter months.
Stream water sample collection and isotope
analysis The measurement of broad scale precipitation isotope gradients across the Andes was carried out by sampling summer "base flow" streamwater (Kendall and Coplen, 2001) . Seventy one stream water samples were collected in Patagonia between 22 January and 5 February in 2005. The collection expedition started with a brief leg from Puerto Montt, Chile southwest to Chiloe. Subsequently, the team drove east across the divide to Bariloche, Argentina and south to Los Antiguos along highway 40 in Argentina. Re-crossing the Andes, they drove southwest to the River Nef, and then north along the Carrera Austral to Puerto Aisen, Chaiten and back to Puerto Montt. The collection sites ranged from 40.7 to 46.7 degrees south latitude on both sides of the Andean divide (Fig. 3a) . Most of the samples were taken from small streams so that the catchments centroids were near the sample locations. At each site, GPS positions and landscape photographs were recorded. Samples were stored in tightly sealed Vacutainers. An addition, at many sites, small twig samples were taken for water extraction. In the driest areas of Argentina, in the warm season, the streambeds were dry so that only twig samples could be collected.
In March 2005, the streamwater samples were sent to Iso-Analytical Limited in the UK for hydrogen and oxygen isotope analysis. In June 2005, water was extracted from the tree samples and sent to the same laboratory for isotope analysis. The repeatability of the mass spectrometer analysis can be judged from the standard deviation of delta values from replicates of our two data sets and two sets of standards: i.e. 1.12, 1.31, 1.85 and 2.67 ppt for deuterium, and similarly 0.08, 0.1, 0.1 and 0.09 ppt for oxygen. These small laboratory uncertainties have little if any impact on our analyses as the fractionation by the Andes is nearly one hundred times greater. Sampling errors may be more significant. As expected, there is a strong gradient in measured isotope ratio across the Andes range. Samples from the west have typical while samples from the east are much "lighter" with .
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Drying ratio estimates
According to the concept of Rayleigh fractionation, condensation preferentially removes the heavier isotopes so the remaining vapor becomes progressively lighter following
where R and R 0 are the ratios of heavy to light isotope concentrations in the final and initial state vapor, Θ is the fraction of water vapor remaining and α is the fractionation coefficient (Friedman, 1953 and Dansgaard, 1964) . The condensate at each stage of fractionation will follow a similar rule, so using (1) (2) where R P and R P0 are the ratios of heavy to light isotope concentration in the upwind and downwind precipitation. The isotope ratios are represented by the "delta" value, The fractionation factor in the exponent of (2) is slightly temperature and phase dependent. If the vapor condenses to liquid at T = -10C, the fractionation factor for hydrogen/deuterium is about 13 . 1 = D α (Friedman and O'Neil,1977 
Model prediction of isotope ratio in precipitation To predict the spatial distribution of isotopes in rainfall over Patagonia we use the linear precipitation model of Smith and Barstad (2004) and the Rayleigh fractionation equation (2) . According to the linear model, the precipitation P(x,y) is proportional to the horizontal water vapor flux, given approximately by
where q w is the mixing ratio at the ground, H w is the depth of the moist layer and U r is the average wind vector. For the present application, the linear model had to be extended to handle the large drying ratio. The model is run on an extended domain (39 to 49S; 69 to 76W) and further embedded in a tapered buffer zone. The model grid increment is one kilometer using smoothed SRTM terrain.
The vapor removed from the airstream is the integral of the precipitation rate along the wind direction . By using (6) with constant alpha, any latitude effect on the incoming isotope ratio was ignored. 22 1000 ) 1 8 (.
Now imagine that the region is subject to winds and precipitation events with different durations, directions and strengths. These characteristics are used to group the rain events into classes. The average precipitation rate (during rain events) is given by
, ( (7) where ( ) are the precipitation rate and duration for each event class "i". The annual precipitation is the numerator of (7). The average normalized isotope ratio at each point is the mass weighted isotope ratio for each event class. From (6)
where ( 
Model tuning
Using the deuterium and oxygen-18 data from the stream water samples taken in 2005, an optimization procedure was carried out to find the best values for parameters in the linear model. Five parameters were varied. The most important parameter was the total cloud delay time. The quality of the fit was computed with the "efficiency" (Lagates and McCabe, 1999) .
To illustrate the selectivity of the optimization process, we show several tuning curves in ) and the two taus are combined into a "total tau". The tuning curves are rather sharply peaked. The "best" model uses 1mm/day of background precipitation, a 6-point wind-rose and a total tau of 1700 seconds.
Conclusions
The strong deuterium and oxygen-18 isotope fractionation in precipitation across the southern Andes can be readily measured using either streamwater or sapwater sampling. Both types of samples represent average precipitation over many weeks or months, smoothing over the inter-storm variability. Stream water has the advantage that no extraction is required. Sapwater sampling requires vacuum extraction in the laboratory but it allows higher spatial resolution and extension into dry areas where streambeds are usually empty.
One objective here was to determine the drying ratio for a mountain range without an upper air, radar or dense raingauge network. Isotopes are well suited for this estimation. Using streamwater or sapwater and a Rayleigh model, the fractionation in the southern Andes indicates a maximum airstream drying ratio near to 50%, the largest value yet observed for a mountain range. The DR value is slightly sensitive to assumptions about cloud temperatures and phase.
The second application of isotope data is to test and calibrate a linear model of orographic precipitation. We determined that a total cloud delay time of 1700 = + F C τ τ seconds gives the best fit to the stream water data. These same parameter values give a good fit to the sapwater data also. Isotope data correlate better with the linear model than with simple predictors like altitude, longitude or highest upwind peak.
When the optimized linear model is used to predict precipitation fields in the southern Andes, it gives detailed patterns with sharp hilltop maxima and dry leeside valleys. For example, it predicts 5 to 10 meters of (liquid equivalent) precipitation per year on the Patagonia ice sheets, perhaps in line with recent observations of Shiraiwa et al. (2002) The present southern hemisphere results are rather similar to the previous northern hemisphere mountain isotope study in Oregon . There, the isotope values gave a drying ratio of about 43% which in turn constrained the total time delay to be 1200 > + F C τ τ seconds. For the Olympic range in Washington State, Anders (2005) found that precipitation patterns using 1600 ≈ + F C τ τ agreed with output from a full numerical model. Other estimates for delay times are given by Barstad and Smith (2005) One key assumption, in estimating DR from precipitation isotopes and vice versa, is that the precipitation is drawn from a well mixed water vapor reservoir passing aloft. A more robust approach would be to add isotopes to the cloud algorithms in a full numerical model (e.g. Cokk et al, 2003 or Colle 2004 , to obtain an explicit prediction of the precipitation isotope ratio. This approach would take into account altitude dependence of the cloud fractionation process.
